Abstract Landslides are the most destructive natural hazards that undermine the economic and cultural development in Darjeeling Himalaya. To prepare landslide susceptibility map of the Lish River basin of Eastern Darjeeling Himalaya frequency ratio model (FRM) was applied based on remote sensing and GIS tools and an integration of ten landslide triggering parameters or factors like Geomorphology, lithology, slope angle, slope aspect, slope curvature, drainage density, NDVI, Relative Relief, land use and land cover (LULC) and soli map were made. The frequency ratio model (FRM) was used to derive class frequency ratio or class weight incorporating both pixels with and without landslides and to determine the relative importance of individual classes. All the data layers were prepared in consultation with SOI Topo-sheet (78B/9), Google earth image, Landsat 8 OLI (operational land imager), GDEM (Global Digital Elevation Model) image with the help of Arc View and ARC GIS Software (10.1). A Weighted linear combination model was performed to combine frequency ratio/class rating values and to determine the landslide susceptibility index (LSI) value on GIS software tools. Greater the value of 'LSI', higher is the propensity of landslide susceptibility over the space. Then, the Lish River basin was classified into six landslide susceptibility zones, i.e., very low, low, moderate, moderately high, high and very high considering the ranges of LSI.
Introduction
The frequent occurrences of landslides in Darjeeling Himalaya causes havoc damages to natural resources as well as human infrastructures. The destructions and damages of settlements, communication lines, tea garden area, and agricultural land are the common phenomena in Darjeeling Himalaya which triggers to environmental disasters. The changes in the land use character in the mountain slope are caused due to these environmental hazards. The upper surface of the Darjeeling Himalaya is composed of heavily disintegrated and decomposed materials. The accumulation of the materials and its increasing weight as a result of drainage concentration and saturation caused due to continuous rainfall for few days basically invites slope failure in the southern escarpment slope of Darjeeling Himalaya. The devastating landslip of June, 2015 and destruction of lives and properties in Darjeeling caused as a result of few day continuous heavy rainfall. Landslides are simply defined as the movement of dislodged rocks, debris or earth materials down a slope including a broad range of motions whereby falling, sliding and flowing under the influence of gravity. In most of the cases, the landslide is the critical mechanism of erosional processes and in such condition landslide is inevitable and necessary part of the natural landscape process system. Although the occurrences of landslide hazards and its impact on human society cannot be prevented fully by analyzing the slope stability condition, but the better understanding of geo-technical attributes of the soil can contribute to greater knowledge and understanding about the spatial distribution of slope instability which are very much essential for land use planning. Landslides are the result of two interacting sets of forces; the precondition factors, naturally induced which govern the stability conditions of slopes, and the preparatory and triggering factors, induced either by natural factors or by human intervention. Landslide analysis is mainly done by assessing Susceptibility, Hazard and Risk (Einstein 1988) . Landslide is one of the most threatening disasters to human life all over the world. Every year, we may read the report about significant human losses caused by landslide (Lee 2004) . Therefore, it is important to do some research why landslide is so frequent and what in order to prevent it. Many scholars concentrated on the trigger factor of landslide; with different results (Lee et al. 2012; Bui et al. 2012) .
RS and GIS based landslide hazard zonation/assessment or landslide susceptibility mapping approach had been studied by Anbalagan (1992) , Varnes and IAEG (1984) , Sarkar et al. (1995) , Borga et al. (1998 ), Dhakal et al. (2000 , Muthu and Petrou (2007) , Kamp et al. (2008) , Caiyan and Jianping (2009), Ahmed et al. (2014) and Ghorai et al. (2015) . Basu (1990) have studied impact of landslides on fluvial processes in the Lish basin of the Darjeeling Himalayas. Rowbotham and Dudycha (1998) , Donati and Turrini (2002) , Lee and Choi (2003) , Lee et al. (2004) , Lee and Pradhan (2006, 2007) , Pradhan (2010a, b, c) , Sarkar and Kanungo (2004) , Yalcin (2008) , Pandey et al. (2008) , Nithya and Prasanna (2010) , and have studied and applied the probabilistic model for landslide susceptibility and risk evaluation. Guzzetti et al. (1999) , Pardeshi et al. (2013) summarized many landslide hazard evaluation studies. Jibson et al. (2000); and Zhou et al. (2002) applied the probabilistic models for landslide risk and hazard analysis. Atkinson and Massari (1998) introduced the logistic regression model for landslide hazard mapping. Landslide hazard evaluation by using fuzzy logic, and artificial neural network models were being used in the various literatures of Gokceoglu et al. (2000) , Pistocchi et al. (2002) , Lee et al. ( , 2004 , . Landslide susceptibility mapping using either multivariate or bivariate statistical approach analyzes the historical link between landslide controlling factors and the distribution of landslides (Guzzetti et al. 1999) . Erener and Uzgeun (2008) have done their work landslide hazard mapping using regression models versus weight rating models. Besides, there are also a lot of model in landslide susceptibility mapping, such as frequency ratio, artificial neural network, decision tree, weights of evidence, fuzzy logic (Bagherzadeh and Mansouri Daneshvar 2012; Ilanloo 2011; Poudyal et al. 2010; Pourghasemi et al. 2012 ; Tsai et al. 2013 ). Komac (2006) , Mandal and Maiti (2011) applied to prepare a landslide susceptibility model using analytical hierarchy process. Lee and Sambath (2006) , Lee and Pradhan (2007) 0 E) at the altitude of 1820 m traverses a distance of about 21.20 km to join the mighty river Tista at Shaugoan (26°49 0 N and 88°33 0 E). On the way it receives at least 75 tributaries; important among them are the Chun-Khola, Tikkhola, Phang-Khola, Lish-Nadi, Turung-Khola, PabringKhola, Lama-Khola and the Rato-Khola, Char-Khola, etc. The highest and lowest elevations of this basin are 1870 and 166 m, respectively. In the Lish River basin, landslides and floods are the most significant natural problems that undermine the economic and cultural development. Records since 1929 show a sharp acceleration in the rate of devastating slide occurrences (total no. 135 covering an area of 1.5 km 2 ) along with lesser slips leading to great loss of life and heavy damage to land and property. The situation has deteriorated further in recent times, the last two decades having witnessed the worst landslides on hill-slopes (total no. 64 covering an area of 4.52 km 2 ). It becomes clear that the nature of weak, young set of rocks, predominance of monsoonal climate with high intensity and long duration rainfall and steep mountain escarpment slope are supposed to be the major problems associated with landslide in the study area in Darjeeling Himalayan region.
Materials and methods
The thematic data layers of all the landslide inducing factors were integrated to prepare landslide susceptibility map using a weighted linear combination model on GIS environments. In the present study, Frequency Ration Model was applied to obtain prioritized class rating value (PCRV) for all the landslide triggering factors considered in the study. A weighted linear combination model on GIS environments was performed to estimate landslide susceptibility index value (LSIV) for each pixel and a suitable classification technique was incorporated to prepare the landslide susceptibility map of the Lish River basin. The Lish River basin is covered by 78 B/9 Toposheet with scale 1:50,000 of Survey of India (SOI). The corresponding Toposheet was registered on Universal Transverse Mercator (UTM) projection system with World Geodetic Survey (WGS) 84 datum considering nearest neighbour resampling method. The data used in the present study are Satellite image LANDSAT 8 OLI (operational land imager), Aster GDEM (30 9 30 m resolution with dated June 2015), Google Earth Image (September, 2015) , Geological Map (Geological Survey of India, East Kolkata) and Topographical Map (78B/9, Survey of India). Using Aster GDEM, Slope map, aspect map, curvature map, relative relief, elevation and drainage density were prepared. Soil map, lithological map, and geomorphological map were collected from NATMO (National Atlas and Thematic Mapping Organisation). Land use/cover mapis derived evaluating LANDSAT 8 OLI image data using supervised classification technique and following maximum likelihood method. Drainage network map was prepared from SOI Toposheet (78B/9) with the help of ARC GIS software (10.1) ( Table 1) . Landslide Distribution Map/inventory map was carved out to determine landslide affected area (%) and frequency of landslide for each class of the landslide inducing factors/factors maps evaluating SOI Toposheet, Google Earth Image and intensive field investigation with GPS. Then, it was digitized and transformed into raster value domain in ARC GIS environments. All the landslide triggering factor maps were incorporated with the prepared landslide inventory map to derive frequency ratio value for each pixel (Figs. 2, 3) . Application of frequency ratio model (FR) and landslide susceptibility Luzi et al. (2000) , Lee and Choi (2003) , Lee and Talib (2005) (2011) successfully applied 'FR' model to generate landslide susceptibility zoning map. To obtain frequency ratio (FR) for each class of all the data layers a combination has been established between landslide inventory map and criterion maps using the following principle (Karim et al. 2011 ).
where N pixðS i Þ the number of pixels containing slide in each class (i), N pixðN i Þ total number of pixels having class (i) in the whole watershed. P N pixðS i Þ total number of pixels containing landslide, P N pixðN i Þ total number of pixels in the whole area of the watershed.
To obtain landslide susceptibility index (LSI), frequency ration of each range/class of all the landslide triggering factors were summed (Eq. 2) after
where, LSI = landslide susceptibility index; Fr = frequency ratio/rating to each class/range of landslide triggering factor.
Result and discussion
Slope angle, slope aspect and slope curvature and slope instability Slope constitutes a very important parameter in landslide hazard zonation studies. A landslide potential index (LPI) is obtained for each terrain variable by calculating the ratio between the number of cells affected by landslides and the total number of cells for each specific class. The study shows that the LPI for the slope categories are increasing at a steady rate as the steepness increases and it is the indicator of the direct control of slope on the slope failure. All the cells having steepness 50-60°and above are affected by landslide. In this study area, for these slope forming materials, the slope above 50°can be considered as vulnerable and so care to be given to these areas (Fig. 4) . There is a positive relationship between slope angle and frequency ratio which indicates higher slope angle is very much prone to slope failure in the Lish River basin (Table 2) . In general the watershed shows the south, south east, and south west facing slope with some local variation due to the location of ridges, spurs and valleys. This slope aspect is helpful for the identification of slope segments which are required for the analysis of potentiality of slope failure. The varied direction of flow based on local slope and orientation of ridges, spurs and valleys shows the pattern of concentration of surface water and the places of potential surplus region. The prepared aspect map shows how much proportion of land in covered with varied slope direction (Fig. 5) . In the Lish River basin the slope aspect of East, south east, south, west and North West revealed the high frequency ratio and high landslide probability ( Table 2 ). The curvature value represents the morphology of the topography. A positive curvature represents the surface is upwardly convex at the pixel and a negative curvature value represents the surface is upwardly concave at that pixel. A value '0' indicates that the surface is flat. The more positive and negative curvature value indicates the surface is more susceptible to landslide occurrences. It is assumed that high positive and high negative curvature of the slope provide a suitable condition for drainage concentration. Such drainage concentration over the space reduces the cohesion of the soil and induces slope failure. In the study area, the place of high positive and negative curvature area is experienced by high frequency ratio of 0.97 and 1.05, respectively, and shows the greater probability of slope instability ( Table 2 ). The curvature map shows very high negative and positive surface curvature in the north eastern and north western part of the Lish River basin (Fig. 6) . The positive curvature is common and indicating the tendency of immediate drainage of surface water causing ready washing and so is detrimental to the stability of both soil and slope. 
Relief, lithology and geomorphology
The Relative relief of Lish River basin classified into five major categories and its value ranges from 64.48 to 680 m. Extreme north eastern and north western sections are registered with maximum elevation and extreme southern part is characterised by lower relative relief (Fig. 7) . Middle section and western part of the basin is dominated by moderate relative relief. The probability of landslide occurrences is very high beyond the relative relief of 300 m. Landslide frequency ratio value is very high for moderate to moderately high relative relief (1.36 and 1.13) as well as high landslide probability in the Lish River basin (Table 2) . Lihologically, the Lish River basin is classified into three categories such as sandstone shale/clay; slate, schist, quartzite and unclassified, crystallines (mainly gneisses). Middle section of the basin is characterised by the existence of slate, schist and quartzite (Fig. 8) . The extreme south of the basin is registered with very fragile lithology that is sandstone, shale and clay. On the other land the extreme northern part is covered by unclassified, crystallines rock mainly Gneisses (Fig. 8) . In term of areal coverage the rock groups of slate, schist and quartzite rank first and which is followed by unclassified, crystallines rocks and sandstone shale/clay. The upper part of the basin appeared slightly high landslide prone zone compared with the lower part of the basin. The lithological composition of Sandstone Shale/Clay, Slate, Schists, quartzite and Unclassified, Crystallines are characterized by the frequency ratio value of 0.30, 1.43 and 0.47 (Table 2) . Geomorphologically, the Lish River basin is divided into three categories such as folded ridge, highly dissected hill slope and piedmont fan plain (Fig. 9) . Most of the area, basically whole middle part of the basin which characterised by highly dissected hill slope. The eastern and western part of this basin is characterised by folded ridge and the extreme southern part of this basin is covered by piedmont fan plain. The lower portion of this basin is covered by piedmont fan plain and existence of piedmont fan plain and low elevation where landslide occurrences are very low. The probability of landslide events is high in folded geomorphology. The frequency ratio (FR) of folded ridges, dissected hills and piedmont plain are 1.96, 0.72 and 0.10, respectively (Table 2) . Land use/land cover characteristics
The land use/land cover map was classified into agricultural land, fallow land, dense mixed jungle, open mixed jungle, river and settlement (Fig. 10) . More than 70 % area of this basin registered with dense mixed jungle followed by open mixed jungle (11 %), settlement, river, agriculture land, follow land. The Frequency ratio of the settlement area is 1.81 which denotes the higher probability of landslides. The frequency ratio of 
Soil and landslide probability
Soil of the Lish River basin is classified into three categories such as W002, W004 and W008 which are further sub-divided into six classes (Table 3) . Maximum area of the basin is covered with moderately shallow well drained, gravelly loamy soils occurring on steep side slopes with gravelly loamy surface, moderate erosion and moderate rockiness which is also associated with moderately shallow, somewhat excessively drained, gravelly loamy soils with loamy surface, moderate erosion and moderate rockiness (Fig. 11 ). This type of the soil shows the large number of landslide phenomena. The soil taxonomic class of W002 and W004 are associated with high frequency ratio (1.28 and 0.81) and higher probability of landslide phenomena in the Lish River basin of the Eastern Himalaya (Table 2) .
NDVI and slope instability
Normalised differential vegetation index (NDVI) reflects the status of vegetation health as well as soil moisture condition over the space. In the Lish River basin (Fig. 12) , the area on both sides of the major tributary revealed the less vegetation where the slope is exposed to rainfall, surface run-off and finally soil erosion and slope instability. The value of NDVI ranges from 0 to 1. Near to 1 means better quality and near to 0 means low quality. It is mainly used to judge the vegetation quality. The frequency ratio is very high for negative NDVI value which depicts that the slopes with less vegetation cover exposed to atmospheric process and make the slope more susceptible to slope instability (Table 2 ). In the study area the NDVI value ranges from 0.83 to 1.16.
Drainage density and landslide probability
Drainage density is the total length of all the streams and rivers in a drainage basin divided by the total area of the drainage basin. It is a measure of how well or how poorly a watershed is drained by stream to length of overland flow. Rugged regions or those with high relief will also have a higher drainage density than other drainage basins if the other characteristics of the basin are the same. Drainage density can affect the shape of a river's hydrograph during a rain storm. Rivers that have a high drainage density will often have a more 'flashy' hydrograph with a steep falling limb. High densities can also indicate a greater flood risk.
High drainage densities also mean a high bifurcation ratio. The area covered with high and very high drainage density is revealed with the frequency ratio of 1.31 and 1.19, respectively, which indicate higher probability of landslide (Fig. 13) . On the other hand low drainage density having the less frequency ration and also showed the less landslide probability.
Landslide susceptibility zonation map
Landslide Susceptibility map of the Lish River basin is classified into 6 categories such as very low, low, moderate, moderately high, high and very high. The study revealed that there is a positive relationship between landslide susceptibility and frequency ratio. Lower the frequency ratio value means, the low probability of landslide. On the other hand higher the frequency ratio value, grater the probability of landslide. Maximum landslide occurs in moderate (26.72 %) to moderately high (25.30 %) landslide susceptibility classes covering near about 52 % of the total landslides affected area (Fig. 14) . So the Lish River is moderately high landslide prone basin. The Lish River basin is dominated by moderate landslide susceptibility which is followed by moderately high, low, high, very low and very high (Fig. 15) . The derived success rate curve revealed that more than 60 % area is under moderate to moderately high landslide susceptibility ( Fig. 16 ; Table 4 ).
Conclusion
Landslide in the mountain environment of Eastern Darjeeling Himalaya is one of the most significant natural hazards which sometimes cause great damage to human lives and properties. To minimize the damage caused due to landslides, the identification of potential landslide zones is of utmost important. In the present study, the application of frequency ratio model and preparation of landslide susceptible zones will provide a great support to planner and policy makers for ensuring further developmental activities in the Lish River basin. The relationship between all the factors map, landslide inventory map and landslide susceptibility map of the Lish River basin revealed that steep slope segment, moderate to high drainage density, high positive and high negative slope curvature, fragile lithology, south-south east and south west facing slope, and settlement area are attributed with high frequency ration and high landslide susceptibility. Mountain slope segment having all these characteristics are to be avoided for further construction for development so that future environmental hazards and disasters can be arrested.
